Cocaine-responsive gene expression changes have been described after either no drug abstinence or short periods of abstinence. Little data exist on the persistence of these changes after long-term abstinence. Previously, we reported that after discrete-trial cocaine selfadministration and 10 days of forced abstinence, incubation of cocaine reinforcement was observable by a progressive ratio schedule. The present study used rat discrete-trial cocaine self-administration and long-term forced abstinence to examine extinction responding, mRNA abundance of known cocaine-responsive genes, and chromatin remodeling. At 30 and 100 days of abstinence, extinction responding increased compared to 3-day abstinent rats. Decreases in both medial prefrontal cortex (mPFC) and nucleus accumbens cfos, Nr4a1, Arc, and EGR1 mRNA were observed, and in most cases persisted, for 100 days of abstinence. The signaling peptides CART and neuropeptide Y (NPY) transiently increased in the mPFC, but returned to baseline levels following 10 days of abstinence. To investigate a potential regulatory mechanism for these persistent mRNA changes, levels of histone H3 acetylation at promoters for genes with altered mRNA expression were examined. In the mPFC, histone H3 acetylation decreased after 1 and 10 days of abstinence at the promoter for EGR1. H3 acetylation increased for NPY after 1 day of abstinence and returned to control levels by 10 days of abstinence.
INTRODUCTION
Relapse to cocaine use after abstinence is a hallmark of cocaine addiction. Clinically, this is manifested in multiple relapse episodes with intervening periods of cocaine abstinence (O'Brien, 1996) . Relapse liabilityFthe likelihood that a cocaine-abstinent, formally cocaine-dependent individual will resume cocaine useFhas been shown to be associated with a number of factors. Stress, environmental cues, and conditioned stimuli have all been demonstrated clinically to play roles in cocaine relapse (Wallace, 1989; O'Brien et al, 1998; Sinha, 2001) . For treatment of cocaine addiction, relapse prevention presents the most promising point for intervention (O'Brien, 2005) . Although initiating drug abstinence can be accomplished through in-patient treatment, maintaining out-patient cocaine abstinence has proven difficult (Gossop et al, 2003) and prolonged cocaine abstinence is achieved by only a minority of patients (Bisaga et al, 2006; Rohsenow et al, 2000; Dackis et al, 2005) . This may be due to increases in cocaine craving during abstinence (Gawin and Kleber, 1986) . Understanding the persistent neurobiological changes that contribute to relapse liability would be an important step toward treatments that reduce the likelihood of cocaine relapse (Nestler, 2004) .
To adequately model the neurobiological component of relapse liability, animal models need to demonstrate behavioral alterations that persist with cocaine abstinence. Work by Shaham, Hope, and colleagues has addressed this issue in a number of studies of incubation (reviewed in Lu et al, 2004; Shaham and Hope, 2005) . In cocaine selfadministering rats, increased responding on the previously active lever was evident after 7 or more days of cocaine abstinence (Grimm et al, 2001 ). This phenomenon is incubation, and further studies demonstrated that persis-tent changes in mesolimbic (Lu et al, 2003) and amygdalar (Lu et al, 2005a) protein expression accompanied the behavioral change. This work suggests that long-lasting behavioral changes in drug-seeking and the underlying neurobiological alterations can be modeled in rodents.
We have developed a discrete-trial cocaine self-administration model that demonstrates an increase in the reinforcing efficacy of cocaine after prolonged forced abstinence (Morgan and Roberts, 2004; Morgan et al, 2005) . Using access conditions in which cocaine was available for 24 h/day, but limited to four discrete trials an hour (DT4), increases in progressive ratio breakpoints were observed after 7 days of cocaine abstinence but not after 1 day of abstinence (Morgan et al, 2002 . This increase in breakpoint was also dependent on the self-administration history, as cumulative dose-matched rats on a fixed ratio 1 (FR1) schedule did not display increased breakpoints . We have described mRNA and protein expression changes that occur in the nucleus accumbens (NAc) and medial prefrontal cortex (mPFC) with this model (Marcellino et al, 2007; McCracken et al, 2005) . The present study extended examination of the consequences (behavioral and molecular) of this self-administration history to 100 days of forced abstinence.
Mesolimbic structures such as the NAc and mPFC are of particular interest in long-lasting neurobiological alterations that may underlie relapse vulnerability. Human imaging studies have associated changes in the mPFC (Volkow et al, 2005; Childress et al, 1999) and NAc (Risinger et al, 2005) with cocaine craving. These reports are paralleled by rodent studies of relapse and reinstatement (for review, see Rebec and Sun, 2005; Kalivas and McFarland, 2003) . At the molecular level, abstinence-induced or abstinence-persistent changes in mRNA and protein expression have been described in the mPFC and NAc after cocaine self-administration (Lu et al, 2003; Sutton et al, 2003) . Other brain structures, eg amygdala (Lu et al, 2007 (Lu et al, , 2005b and ventral subiculum (Vorel et al, 2001; Taepavarapruk and Phillips, 2003) , also play roles in reinstatement and will need to be examined in future studies.
The goal of this study was to further assess if the DT4 selfadministration schedule produced changes in extinction responding with forced abstinence and if molecular adaptations persist for as long as the behavioral changes. The set of transcripts examined, while not comprehensive, represent well-characterized gene alterations from several cocaine administration procedures. Specifically, the immediate early genes Fos (Graybiel et al, 1990) , EGR1 (Daunais and McGinty, 1995) , Arc (Fosnaugh et al, 1995) , and Nr4a1 (Freeman et al, 2002b) ; neuropeptides CART (Douglass et al, 1995) and Neuropeptide Y (NPY; Westwood and Hanson, 1999) ; glutamate receptors (Carlezon and Nestler, 2002; Boudreau and Wolf, 2005) , and homer genes (Szumlinski et al, 2006) were examined. Furthermore, for those genes that demonstrated persistent changes in mPFC mRNA abundance, histone H3 hyperacetylation was examined as a potential regulatory mechanism. Chromatin remodeling events have recently been described as accompanying psychomotor sensitization (Kumar et al, 2005) . These studies suggest an interplay of gene expression and chromatin modifications that may serve to perpetuate molecular signals that can manifest themselves in persistently altered behavior.
METHODS Animals
Male, Sprague-Dawley rats (Harlan Inc., IN) weighing approximately 300-400 g at the start of the experiments were used as subjects. Throughout these experiments, rats were maintained on a reverse light/dark cycle (lights on 1500 to 0300 hours) with food (Ralston Purina, St Louis, MO) and water available ad libitum. All research was approved by the Wake Forest University School of Medicine Animal Care and Use Committee and conducted according to the Guide for the Care and Use of Laboratory Animals, as promulgated by the National Institutes of Health.
Surgery
Following a 3-to 7-day acclimation period, rats were anesthetized with a ketamine (100 mg/kg, i.p.) and xylazine (8 mg/kg, i.p.) combination and implanted with a chronic indwelling silastic cannula (0.012 inch inner and 0.025 inch outer diameter) in the right jugular vein. Following surgery, rats received a single administration of butorphanol (0.2 mg/kg, s.c.) as an analgesic and B3 ml (s.c.) of Lactated Ringer's solution to promote recovery. The cannula exited the skin on the dorsal surface of the scapulae region (Roberts and Goeders, 1989) went through a stainless steel protective spring tether, and was attached to a counterbalanced, fluid swivel mounted above the operant chamber allowing free movement within the chamber. Tygon tubing connected the swivel to an infusion pump (Razel Scientific Instruments Inc.) with a 5 r.p.m. motor. The operant chambers were 25 Â 25 Â 25 cm in size, and served as both housing and testing chambers.
Control rats were subjected to the same surgery as the cocaine self-administration rats with the same anesthesia and analgesia. Control animals were placed in identical operant chambers but without cannulas attached or infusions. Control rats remained in operant chambers for 10 days before removal and killing.
Cocaine Self-Administration
Three independent sets of rats were used in this study. The first (Group I; Figure 1 ) was examined for behavioral changes after varying periods of abstinence, the second and third (Groups II and III) were treated in the exact same manner, but not subjected to extinction responding. The second group was used for gene expression analysis and the third for chromatin remodeling experiments. Different rats were used for the behavioral and molecular analyses to avoid any molecular changes that could be caused by extinction testing (Figure 1 ). For the behavioral analysis n ¼ 7-8 per group; for gene expression studies n ¼ 11 for control rats, n ¼ 6 for 1-day abstinent rats, n ¼ 7 for 10-day abstinent rats, and n ¼ 8 for 100-day abstinent rats; for chromatin remodeling n ¼ 5 per group.
Training. Self-administration training began 1 day following surgery as previously described (Mateo et al, 2005; Ward et al, 2006) . At the beginning of each daily session, a retractable lever extended into the cage to signal session onset. Completion of the response requirements resulted in the delivery of 1.5 mg/kg cocaine (B0.1 ml of 5 mg/ml cocaine over B5 s). Concurrent with the start of each injection, the lever retracted and a stimulus light was activated for 20 s to signal a time-out period. Levers were retracted, syringes were refilled, and any changes in schedule conditions were made 10 min before the start of each session. Rats were initially exposed to an FR1 schedule of reinforcement. Each training session lasted until 40 infusions had been self-administered, at which time the lever was retracted until the next daily session began.
Discrete-trial self-administration. After the rats had established a stable daily pattern of cocaine intake for at least 5 days (40 infusions within 6 h, and no increasing or decreasing trends in time to finish session), the schedule conditions were changed to a discrete-trial schedule of reinforcement. During these sessions, rats were given access to cocaine during 10-min discrete trials. Trials were initiated at 15-min intervals with the introduction of a retractable lever into the chamber. A single response resulted in a cocaine infusion, which was signaled by the illumination of a stimulus light for 20 s. A trial was terminated and the lever retracted if an injection (1.5 mg/kg per injection) was collected or if 10 min had elapsed. Rats received four discrete trials per hour (ie DT4), 24 h per day for 10 days. These conditions have previously been employed and demonstrated to result in increased breakpoints after forced abstinence (Morgan et al, 2002 .
Forced abstinence period. Following self-administration, rats were placed in standard polycarbonate cages for various durations of forced abstinence (spanning 1-100 days). Following this forced abstinence period, rats were tested in an extinction session, or were killed with the brain rapidly removed for the molecular biological analyses described below (see also Figure 1 ).
Extinction sessions. Following a particular duration of abstinence, rats in Group I were returned to the selfadministration chambers and connected to the tether system used to deliver drug. Catheters were flushed with saline, and the conditions associated with a typical self-administration session were reinstated (the lever was extended into the chamber and the houselights were illuminated). Following a response (on an FR1 schedule), the infusion pump was activated (delivering saline), the lever was retracted, and the stimulus lights over the lever were illuminated for 20 s. These sessions were 2 h in duration.
Drug Preparation
Cocaine hydrochloride was obtained from the National Institute on Drug Abuse (Rockville, MD), dissolved in sterile 0.9% saline and passed through a microfilter, and the dosages are expressed as the salt.
Dissection
For molecular analysis, rats in Groups II and III ( Figure 1 ) were killed following abstinence without extinction testing. Brains were rapidly removed, cooled in ice-chilled saline, and placed in an ice-chilled ASI brain slicer (ASI Instruments, Warren, MI). The section from bregma + 4.2-2.2 mm (Paxinos and Watson, 2004 ) is cut along the forceps minor and the cortex medial of this cut is collected. This includes elements of the cingulate, prelimbic, medial orbital cortex, and frontal cortex. While the cortical dissection is specific, future studies will be needed to isolate individual elements. To date, precise cortical anatomy of these regions in the rat remains elusive as the dashed lines segmenting the cortical regions demonstrate. The section from + 2.2-0.2 mm is cut 0.5 mm on each side of the midline, on a line connecting the tip of the external capsule and the previous cut, on a line connecting the tip of the external capsule and lateral ventricle, and between the ventricles. The NAc dissection includes core and shell.
qRT-PCR
Total RNA was isolated as described previously (Freeman et al, 2001a, b) using Tri Reagent (Molecular Research Center Inc., Cincinnati, OH) (Chomczynski and Mackey, 1995) from control rats and after 10 days of DT4 cocaine self-administration and 1, 10, or 100 days of abstinence. RNA quantity and quality were assessed using the Agilent 2100 Bioanalyzer with the RNA 6000 Nano Assay (Agilent, Palo Alto, CA). cDNA synthesis and qPCR were performed as previously described (Bowyer et al, 2007) . qPCR on samples used the 7900HT Sequence Detection System (Applied Biosystems, Foster City, CA), 384-well optical plates, and Assay-OnDemand (Applied Biosystems) gene-specific primers and probes (Maley et al, 2004) . A full listing of genes, gene names, and assay identification numbers is given in Supplementary Table 1. Relative quantities were calculated using ABI SDS 2.2.2 RQ software and the 2 ÀDDCt analysis method (Bowyer et al, 2007; Livak and Schmittgen, 2001) with GAPDH as the endogenous control. GAPDH levels had been determined in preliminary absolute quantitation experiments to be unchanged with cocaine self-administration or forced abstinence (data not shown). Relative quantity values were normalized to give a mean of 1 for control rats to aid in comparison across genes with varying basal abundance.
Chromatin Immunoprecipitation-PCR
Chromatin immunoprecipitation (ChIP) experiments were performed similarly to those described previously by Nestler and colleagues (Kumar et al, 2005; Tsankova et al, 2004) and as directed by the manufacturer of the ChiP Assay Kit (Upstate Biotechnology, catalog no. 17-245). Briefly, fresh tissue samples from rat mPFC were incubated in 1% formaldehyde at room temperature for 15 min, followed by incubation for 4-5 min at room temperature with an equal volume of 0.25 M glycine. Liquid was removed and the tissue was washed five times with cold 1X PBS with protease inhibitors. Tissue was homogenized in lysis buffer (10 mM Tris, 10 mM NaCl, 0.2% Igepal 630) and centrifuged at 5 kg for 5 min. The resulting pellet was used with the ChIP Assay Kit for K9 and 14-Histone H3 (Upstate Biotechnology) following the manufacturer's protocol with the following exceptions: (1) incubation times with the salmon sperm DNA/Protein A agarose slurry and the elution buffer were increased to 2 h and 25 min, respectively, and (2) the final wash in TE buffer was omitted. Following the immunoprecipitation procedure, DNA was recovered by phenol/ chloroform extraction and ethanol precipitation.
Prior to the experiments, to confirm assay specificity, the presence of acH3 protein in anti-acH3 immunoprecipitations was confirmed by immunoblotting. The absence of acH3 in negative control nonimmune IgG (Upstate Biotechnology) immunoprecipitations was also established (data not shown). In the experiments, to control nonspecific immunoprecipitation of DNA, a parallel immunoprecipitation with nonimmune IgG was performed on a separate aliquot of each sample. qPCR for each primer pair was performed on all of these negative controls. If anti-acH3 qPCR quantitation was not greater than 1.5 times the IgGnegative control the sample was excluded from analysis for excessive nonspecific immunoprecipitation. One sample from the 1-day group was excluded from all analyses based on this preset value, leaving nX4 for each group. qPCR analysis of immunoprecipitated DNA was conducted using previously described and newly developed primers for c-fos, EGR1, Nr4a1, Arc, CART, NPY, Cdk5, b-tubulin, and e-globin (see Supplementary Table 2 for primer sequences and references). Primers were designed to amplify o200 bp encompassing known promoter sites and/ or the transcription start sites if promoters were uncharacterized. Initially, two primers were designed for each gene and quality was established with PCR and dissociation curve analysis.
DNA (5 ng) from each immunoprecipitated sample and IgG-negative control was amplified by PCR using 5 ml Power SYBR-Green (Applied Biosystems) and primer concentrations at 0.4 mM. Cycling parameters for all PCR reactions were as follows: 45 cycles of 941C for 15 s, 531C for 30 s, and 721C for 30 s. Ct values from each sample were obtained using SDS2.2.2 RQ software (Applied Biosystems). Relative amount of template DNA was calculated using the formula: relative amount ¼ 2 -DCt Â 100; ÀDCt ¼ (Ct geneÀCt btubulin).
Statistics
Significance was determined by one-way analysis of variance (ANOVA) with a Student-Newmans-Keuls (SNK) post hoc test with significance at po0.05. Multiple testing correction was applied at the ANOVA level on a gene by gene basis.
RESULTS

Behavioral Data
As described previously, when conditions were switched from an FR1 to a DT4 schedule of reinforcement, rats selfadministered nearly every injection for 18-36 h (ie the 'initial binge'; Roberts et al, 2002) and, over several days, responding became more circadian with increasing levels of intake through the dark phase and decreasing levels of intake through the light phase (for individual animal examples of these patterns, see McCracken et al, 2005; Morgan et al, 2002 Morgan et al, , 2005 . Across this 10-day period, all four groups of rats used in the extinction experiments averaged approximately 50 infusions/day (Figure 2a ) for total intakes of approximately 800 mg/kg over the 10 sessions (Figure 2b ). Previous studies indicated that these patterns of self-administration coupled with at least a 7-day forced abstinence period result in higher levels of responding being maintained by cocaine on a progressive ratio schedule, whereas 1 day of forced abstinence fails to alter such responding (Morgan et al, 2002 . In the present experiment, the effects of various durations of forced abstinence on extinction responding were studied (Group I, see schematic of treatment in Figure 1 ). There was a timerelated increase in the levels of extinction responding across the four groups of rats (F 3,24 ¼ 5.64, po0.005), with responses following 30 or 100 days of forced abstinence being significantly higher than those following 3 days of forced abstinence (Figure 2c) . A nonsignificant increase in extinction responding was also evident at 10 days of forced abstinence.
In the set of rats generated for gene expression analysis (Group II; Figure 1 ) and the third set generated for chromatin remodeling studies (Group III; Figure 1) , similar patterns of self-administration were observed across the 10 days of DT4 schedule responding (Figure 3a) . A 1-day abstinence period was used to provide consistency with our previous reports (Mateo et al, 2005; McCracken et al, 2005; Morgan et al, 2006) . No differences in daily intake (Figure 3a) or total intake were observed between groups (Figure 3b) . A slightly lower total intake was observed in the 10-day abstinent rats of Group II, but there were no significant differences with other groups (p40.05). The consistency of self-administration is evident across all three sets of rats generated (cf, Figures 2 and 3 ).
Molecular Data
Gene expression analysis was concentrated on a selected set of known cocaine-responsive genes to address whether these previously described genes exhibited altered expression levels with discrete-trial cocaine self-administration and following forced abstinence. These transcripts were chosen due to their well-documented responsiveness in the literature across several cocaine administration procedures. The goal of examining this set of rats was to determine if changes in transcripts would persist for over 3 months of forced abstinence.
Immediate early genes. A common profile was found for the four immediate early genes examined (c-fos, EGR1, Arc, and Nr4a1) (Figure 4 ). In the NAc, significant decreases were evident for all four genes at 100 days of abstinence as compared to controls (Arc (F 3,29 ¼ 6.81, po0.05); EGR1 (F 3,29 ¼ 3.64, po0.05); c-fos (F 3,29 ¼ 7.07, po0.001); Nr4a1 (F 3,29 ¼ 3.39, po0.05)). For EGR1 and c-fos this decrease was also observed at 1 and 10 days of abstinence, while Nr4a1 and Arc transcript levels were decreased to a nonsignificant extent at 1 and 10 days of abstinence.
Similar temporal profiles were also observed in the mPFC for all four genes. Nr4a1 (F 3,29 ¼ 5.42, po0.01) and c-fos (F 3,29 ¼ 7.57, po0.001) mRNA levels were significantly decreased in the mPFC at 1, 10, and 100 days of abstinence. Arc expression (F 3,29 ¼ 6.81, po0.001) was significantly lower at 1 and 100 days of abstinence while EGR1 (F 3,29 ¼ 3.91, po0.05) was only significantly decreased at 1 day of abstinence. For all of these genes and in both the mPFC and NAc, no statistically significant differences were observed between 1-, 10-, and 100-day abstinence gene expression levels.
Neuropeptides. Two different known cocaine-responsive signaling molecules (CART and NPY) were examined ( Figure 5 ). The neuropeptides CART (F 3,29 ¼ 11.21, po0.001) and NPY (F 3,29 ¼ 6.37, po0.01) were specifically increased in the mPFC at 1 day of abstinence, but this change did not persist with prolonged abstinence. No changes in expression of these transcripts were observed in the NAc.
Other transcripts. A panel of glutamate receptor (Gria1, Gria2, and Grin1), receptor complex (Homer 1b/c and Homer 2), and glutamate-related kinase (Cdk5) transcripts were also examined (Table 1) . Unlike the transcript levels of immediate early genes and neuropeptides, no changes in expression levels were found in the mPFC and NAc. Transcript levels were extremely consistent with no signal time point varying from control by more that 15%. As well, total cocaine intake between the groups did not differ. (c) After 3, 10, 30, or 100 days of forced abstinence, rats were returned to their operant chambers and engaged in responding for 2 h in which responses on the active lever produced an infusion of saline. Significant increases in total extinction responding were evident after 30 and 100 days of forced abstinence (po0.005) as compared to the rats abstinent for 3 days. The 10-day group also had higher total numbers of responses that approached significance. All data are mean ± SEM, *po0.05.
Chromatin remodeling. The finding that some of the gene expression changes persisted for up to 100 days suggests a more permanent form of regulation than acute cocaine action. In a pilot study of chromatin remodeling as a potential regulatory mechanism for these changes in gene expression, ChIP against acetylated Histone H3 K9-14 was performed on formaldehyde-fixed mPFC tissue. qPCR was performed against promoter regions of genes found to have altered mRNA expression levels (EGR1, Nr4a1, Fos, Arc, CART, and NPY). Significant decreases in K9-14 acetylated histone H3-bound EGR1 (F 2,10 ¼ 5.45, po0.05) promoter were observed at 1 and 10 days of abstinence compared to naive controls (Figure 6 ). The magnitude of the decreases (39% at 1 day and 40% at 10 days) is very close to those of the mRNA levels at 1 and 10 days of abstinence (40 and 28%, respectively). For NPY, a significantly higher level (F 2,10 ¼ 4.01, po0.05) of acetylated histone H3 bound to the NPY promoter was found at 1 day of abstinence as compared to control and 10-day abstinent rats. The magnitude of the increase again closely followed that of the mRNA levels with 24% higher levels of acetylated H3-bound NPY promoter compared to 22% higher mRNA levels in 1-day abstinent rats compared to controls. However, in spite of the close chromatin/mRNA correlation for EGR1 and NPY, no changes in K9-14 acetylated histone H3 bound to Nr4a1, Fos, Arc, or CART gene promoters were observed (data not shown).
DISCUSSION
In examining the relationship between the molecular and behavioral changes, it is possible to speculate on the roles of molecular adaptations in the development and/or expression of increased drug-seeking and reinforcing efficacy. This study and previous reports using the DT4 model have established that there is an increase in drug-seeking and reinforcing efficacy measures beginning at 7 days of abstinence and still evident at 100 days of abstinence. Clearly, some form of incubation is occurring in the first week of abstinence and these changes then persist for months, in a manner similar to the previous work of Shaham, Hope, and colleagues (Shaham and Hope, 2005; Lu et al, 2004) .
The gene expression results demonstrate that molecular changes persist even following 100 days of forced abstinence. Rats generated for the gene expression and chromatin experiments did not undergo the extinction session to avoid extinction responding-induced gene expression changes. It is noteworthy that the genes displayed different temporal expression profiles. Decreases in all of the immediate early genes examined were evident at 1 day of forced abstinence either in the mPFC or NAc. The increased extinction responding observed at 30 and 100 days of forced abstinence and our previous examinations of progressive ratio breakpoints (Morgan et al, 2002 indicate that at least 7-10 days of forced abstinence is Figure 3 Self-administration history for rats used in molecular studies.
To avoid any confounds of extinction sessions, separate sets of rats were collected for molecular biology experiments assessing gene expression and chromatin remodeling. Based on the previous findings of this study and previous reports, rats were subjected to 10 days of DT4 cocaine selfadministration with either 1, 10, or 100 days of forced abstinence. (a) Mean daily intake of rats from Groups II and III did not differ across the 10 days of self-administration. (b) No differences in total intake were observed between the self-administration groups. All data are mean ± SEM.
required for the incubation of behavioral changes. The fact that gene expression changes are occurring before the behavioral changes may indicate that these genes contribute to the development of the behavioral phenotype. As such, they may play a role in development of the incubation phenotype through the secondary effects they cause (McClung and Nestler, 2003) . Further studies will be needed to address whether their induction returns with relapse of cocaine self-administration following forced abstinence. The continued repression of these genes even after 100 days of forced abstinence suggests that they may also play a role in the expression of the incubation phenotype. Both of the neuropeptides NPY and CART are significantly increased in the mPFC at 1 day of forced abstinence, but return to normal levels with 10 or 100 days of abstinence. These changes would seem to be in response to cocaine self-administration and do not continue with removal of the cocaine stimulus. Further studies will be needed to address whether their induction returns with relapse of cocaine self-administration following extended periods of forced abstinence. CART and NPY medial prefrontal cortex (mPFC) mRNA levels were elevated in 1-day abstinent rats as compared to controls but returned to baseline levels by 10 days of forced abstinence. All data are mean ± SEM, *po0.05, # po0.001 one-way ANOVA, SNK post hoc test.
The individual genes found to be altered in their expression have a number of points of convergence with the existing cocaine literature. First, the neuropeptide CART was initially reported as an uncharacterized cocaineresponsive transcript by Douglass et al (1995) . Subsequent work has determined that CART may play a critical role in the rewarding and reinforcing properties of natural rewards such as food and also psychostimulants (for review, see Jaworski and Jones, 2006) . There has been some controversy as to the responsiveness of CART to psychostimulant administration with reports demonstrating increases in NAc mRNA levels (Brenz Verca et al, 2001; Fagergren and Hurd, 1999 ) and a possible dependency on binge administration (Hunter et al, 2005) , while other reports finding no differences (Marie-Claire et al, 2003) . We observed no changes in accumbal CART mRNA levels, but instead observed a novel and dramatic increase in mPFC mRNA levels (over six times higher than controls). While much of the existing literature on cocaine-responsive CART mRNA expression has been in the NAc, equivalent levels of expression are found in prefrontal cortices (Hurd and Fagergren, 2000) . As previously noted (Jaworski and Jones, 2006) , precise definitions of CART's role in rewarding properties of cocaine remain to be made, but CART knockout mice respond less for cocaine and have lower cocaine intake than wild-type mice. If ablation of the CART gene reduces cocaine intake, increases such as those seen in this study may have the opposite effect.
NPY is a 36 amino acid peptide that is widely distributed throughout the nervous system. While NPY has been extensively studied in alcohol abuse (Thiele and BadiaElder, 2003) , reports relating to NPY and cocaine abuse are less abundant. Most relevant is a report of decreased frontal cortex NPY mRNA for up to 6 weeks of forced abstinence following 1 week of noncontingent cocaine administration (Wahlestedt et al, 1991) . This is the opposite of our findings and the most likely basis of this difference is the dissimilar mode and dose of cocaine administered. The significant increase in acetylated histone H3 at the NPY promoter at 1 day of abstinence is in agreement with the gene expression data as actetylated histone H3 (K9-14) is associated with increased transcription (Roh et al, 2005) . The return to levels of control rats of acetylated histone H3 at 10 days mirrors the return to levels of the mRNA abundance in the drug-naive rats.
The responsivity of EGR1, also known as NGFI-A, krox24, and zif268, to cocaine administration has been known for over a decade (Helton et al, 1993; Moratalla et al, 1992) . More recently though, decreases in EGR1 mRNA expression have been documented during forced abstinence from highdose cocaine self-administration binges (Mutschler et al, 2000) . The potential importance of EGR1 in cocaine-related behaviors has been demonstrated in antisense injection and mutant mouse experiments (Lee et al, 2005 (Lee et al, , 2006 Valjent et al, 2006) . The finding of decreases in histone H3 acetylation at 1 and 10 days of abstinence suggests a decrease in active transcription of EGR1. The previous report of increased acetylated histone H3 at specific promoters following cocaine self-administration was restricted to 1 day after the last self-administration session (Kumar et al, 2005) . Our findings extend the timeline of histone modifications as persisting for up to 10 days. Examination of longer abstinence periods and histone acetylation at promoters of genes with persistent expression changes is required in future studies. The work by Meany and colleagues has demonstrated that EGR1 is a target of epigenetic modification and that this manifests itself in persistently altered behavior (Weaver et al, 2004) . The combination of the known behavioral relevance of EGR1 and known epigenetic modifications suggests that further specific study of EGR1 may be fruitful.
While fos induction is generally associated with cocaine administration, there have been reported decreases in mPFC fos with forced abstinence (Todtenkopf et al, 2002) . The suppression of fos mRNA levels was similar in both the mPFC and NAc and occurred by 1 day of abstinence with no return toward control levels at 10 or 100 days of abstinence. Unlike the previous examination of histone H3 acetylation at the Fos promoter with chronic cocaine self-administration that found increases (Kumar et al, 2005) , no changes were observed in this study. This may be due to the difference in the cocaine self-administration procedure: DT4 in this study and FR1 in the previous report.
Nr4a1, known previously as NGFI-B/Nur77, is a nuclear orphan receptor expressed in many dopaminergic terminal regions (Zetterstrom et al, 1996) . Previously, both we and others have described induction of mPFC and/or NAc mRNA levels of Nr4a1 with noncontingent and selfadministered cocaine (Werme et al, 2000; Freeman et al, 2002a b) . As with the other immediate early genes, we found long-lasting decreases in mRNA expression in opposition to the previous reports of acute induction with cocaine administration.
Arc induction was first reported by Fosnaugh et al (1995) . Previously, we found increases in Arc protein in the mPFC after chronic noncontingent (Freeman et al, 2002a) , but not self-administered, cocaine (Freeman et al, 2002b) . Recently, a temporal analysis of Arc protein levels was examined after noncontingent cocaine administration (Fumagalli et al, 2006) . Increases in mPFC levels were found to occur during the initial hours of forced abstinence, but the levels returned to baseline within 1 day for a single administration and 2 weeks following chronic administration (Fumagalli et al, 2006) . Most relevant to this report, induction of Arc mRNA within the mPFC and NAc was greater when cocaine was infused rapidly in a manner that engendered locomotor sensitization (Samaha et al, 2004) .
No changes in glutamate receptor transcripts, previously described as cocaine responsive, were found in the study. In fact, all of the transcripts varied less than 15% from control values in either brain region or at any time point. This finding may reflect different administration procedures. For example, the previous report of Gria2 induction in the mPFC used noncontingent administration (Ghasemzadeh et al, 1999) and previous reports clearly indicate that contingency affects the gene expression response (Mutschler et al, 2000) . The most similar previous report of expression changes with long-term abstinence following cocaine self-administration (Lu et al, 2003) examined protein expression levels. While we have previously found close correlations between cocaine-responsive mRNA and protein expression (Freeman et al, 2001b ), we have also described changes in protein expression that are not always accompanied by mRNA expression changes, depending on the brain region (Bennett et al, 1999) . Future protein expression studies of these glutamatergic genes and the other genes examined will be needed.
In total, these data point to several novel findings. Behaviorally, the DT4 paradigm can engender increases in drug-seeking that persist for up to 100 days of drug abstinence. At the molecular level, there is persistent depression of several immediate early genes in both the NAc and mPFC for up to 100 days. This repression of gene expression suggests that long-term forced abstinence may present opposing gene expression changes to acute cocaineinduced changes. Last, for at least some of these genes, expression may be in part controlled through histone modifications.
